Stimulation of potassium uptake is the most rapid response to an osmotic upshock in 2 bacteria. This cation accumulates by a number of different transport systems whose 3 importance has not been previously adressed in rhizobia. In silico analyses reveal the 4 presence of genes encoding four possible potassium uptake systems in the genome of 5
INTRODUCTION 1
To construct plasmids for the disruption of the different genes, we first amplified the 1 corresponding regions from the S. meliloti genome by polymerase chain reaction using 2 custom-synthesized DNA primers (Table 2) . After cloning the amplicons in appropriate 3 vectors, we deleted part of the gene sequence by endonuclease digestion, and inserted 4 antibiotic resistance cassettes to obtain each mutant construct in vitro. The constructs were 5 then subcloned into the appropriate shuttle vector and the plasmids obtained were 6 transferred by conjugation to the wild-type strain 1021. Transconjugants were selected on 7 medium containing the appropriate antibiotics. In the case of pK18mobsacB, the use of 8 sucrose addition during selection as described by Schäfer et al. (31) was avoided since its 9 osmotic action could affect the obtention of osmosensitive mutants. Double and triple 10 mutants were obtained by transduction with φM12 phage as described by Finan et al. (11) . 11
Disruption of the genes of interest were then confirmed by Southern hybridization with 12 specific probes. 13
Determination of cell K + content 14
Cells were grown in MM to exponential phase (O.D. 600nm =0.6) and NaCl was added to a 15 final concentration of 0.3 M to induce an osmotic shock. Cells were then incubated under 16 standard growth conditions and aliquots were collected after 5, 30 and 60 minutes. An 17 additional aliquot was collected right before NaCl addition to determine cell K + content just 18 before the osmotic upshift. 19
For each time point, 10 ml of cultured cells were harvested by centrifugation at room 20 temperature (12000 r.p.m., 2 minutes), the media was removed carefully, and the ionic 21 content of the cells was extracted with 1 volume of HNO 3 0.1% at room temperature during 22 20 hours. The cellular debris was then removed by centrifugation and the K + content 23 determined in the supernatant obtained using an IRIS Intrepid II XDL inductively coupled 1 plasma-optical emission spectrometer (ICP-OES). 2
Plant assays 3
Alfalfa (Medicago sativa L. cv. Aragon) seeds were sterilized and germinated as described 4
by Olivares et al. (26) . Germinated seeds were then transferred to tubes or Leonard jars for 5 growth. 6
To test the infectivity of the rhizobial strains, 24 individual plants grown in tubes were 7 inoculated with each rhizobial suspension (10 6 cfu/plant). After inoculation, the number of 8 nodulated plants and the number of nodules per plant were recorded daily. 9
To determine the competitive ability, 12 plants grown in tubes were inoculated with a 10 mixture of 1021 (pGUS3) and each strain tested using a ratio of 1:1. The plasmid pGUS3 11 contains the marker gene coding for β-glucuronidase (GUS). Nodule occupancy was 12 determined 12 days after inoculation. Roots were collected, briefly washed with water and 13 incubated overnight in the dark at 37ºC in 1 mM X-Gluc (5-bromo-4-chloro-3 indolyl-β-D-14 glucuronide; Apollo Scientific) in 50 mM sodium phosphate buffer (pH 7.5) with 1% SDS. 15
Those nodules occupied by 1021 (pGUS3) stain blue, so nodule occupancy could be 16 determined by counting blue and white nodules. All the nodules from the 12 inoculated 17 plants were screened (aproximately 100 nodules). The results for any given strain were 18 compared to those obtained with the wild type strain 1021 in the same experiment. 19
To study the symbiotic effectiveness of the strains, 32 individual plants grown in Leonard 20 jars (8 plants per jar) were inoculated with each rhizobial suspension (10 9 cfu/plant). 7 21 weeks after inoculation the plants were collected and the extent of nitrogen fixation wasassessed by measurement of the nitrogen content of the aerial part (shoot) (24) and 23 comparison of the shoot dry weight. 24
RESULTS 1
In silico analysis of putative K + uptake systems genes in Sinorhizobium meliloti 2
In silico analysis of the S. meliloti 1021 genome revealed the presence of genes coding for 3 proteins homologous to the components of 3 K + -uptake systems: Trk, Kdp and Kup (13). 4
Genes homologous to trkA and trkH are present in the chromosome of S. meliloti 1021 5 (SMc01046 and SMc00936, respectively), together with a gene located in the pSymA and 6 described as trkH-like (SMa1691). All these genes code for proteins with high sequence 7 identity (30-40%) to the corresponding components of the Escherichia coli Trk system. The 8 presence of a Trk system seems to be an exception among rhizobia since trk-like genes 9 could only be detected in S. meliloti, S. medicae and Mesorhizobium sp. BCN1 genomes 10 and appear to be missing in Rhizobium etli CFN42, R. leguminosarum bv. viciae 3841, M. 11 loti MAFF303099, Bradyrhizobium sp. BTAi1, Bradyrhizobium sp. ORS278 and B. 12 japonicum USDA110 genomes. The situation is very different regarding putative Kdp 13 systems since kdpABC genes are annotated in all sequenced rhizobial genomes forming 14 putative operons with at least two other genes homologous to those coding for the two-15 component system KdpDE in E. coli. The Kdp systems are conserved among rhizobia and 16 show significant identities with other known Kdp P-type ATPases. In S. meliloti, the 17 products of the kdpABC genes (SMa2333, SMa2331 and SMa2329) show 51%, 63% and 18 47% sequence identity with the E. coli KdpA, KdpB and KdpC subunits, respectively. 19
Furthermore, the products of S. meliloti genes SMa2327 and SMa2325, which form a 20 putative operon with kdpABC, display 39% and 48% identity with the E. coli KdpD and 21 which both the Trk and Kup1 systems were missing ( Fig. 2A and B Kdp and Kup systems achieves a half-maximal growth rate at a K + concentration of 20 mM 2 (27). Therefore, we decided to explore the possibility that the growth defects of S. meliloti 3 mutants lacking Trk and Kup1 could be relieved by externally added KCl. The growth 4 ability of these mutants was determined on solid MM amended with different 5 concentrations of KCl (2 mM, 5 mM, 10 mM and 20 mM) and we observed that 10 mM 6
KCl was able to restore the growth of these mutants to a wild type extent (Fig. 2) . NaCl or sucrose. The effect of NaCl addition was stronger than that of sucrose addition. 21
The delay in the mutant growth was clear in the three NaCl concentrations used, however, 22 sucrose addition only produced a slight delay at the highest concentration tested. This 23 behavior points out the importance of the Trk system for osmoadaptation in S. meliloti. 24 However, the growth defects were stronger in trk-kup2 and trk-kdp double mutants, 1 suggesting an involvement of both Kup2 and Kdp systems in the osmoadaptation process 2 which is revealed only in the absence of Trk (Fig. 3) . 3
Influence of pH in S. meliloti K + -uptake during osmoadaptation 4
Among the conditions that determine the importance of different K + uptake systems during 5 osmoadaptation in bacteria, the pH and the K + content of the media are the most relevant 6 ones (8). The Kup system has been reported to be the main system involved in 7 osmoadaptation in E. coli at low pH, when Trk importance for K + uptake is clearly reduced 8 (35). 9
To establish the possible influence of pH on the relative importance of the different K 
. Although NaCl addition caused a stronger effect than sucrose addition, we could 17 observe the same trend in both cases and regardless the pH or the osmolyte concentration. 18
The ability of the 10tAG (Trk -) mutant to grow in NaCl added media could be restored to 19 the wild type levels by complementation with the trkA region (pJB3tA) (data not shown). 20
The growth ability of the 10tAK1 (Trk -, Kup1 -) mutant was strongly reduced by the 21 addition of osmolytes to the media (Fig. 4 and Fig. 5 ). This reduction could be relieved by 22 complementation of the mutant with either the kup1 region (pJB3K1), which restored its 23 growth ability to the levels of the single mutant 10tAG (Trk -which restored its growth ability to the levels of the single mutant 10K1K (Kup1 -) (data not 1 shown). The double mutant 10tAKdp (Trk -, Kdp -) also displayed a reduction in its growth 2 ability with respect to 10tAG (Trk -) but only when challenged with high external NaCl 3 (Fig. 4) . 4
In contrast to the reported function of the Kup system at low pH in E. coli (35), we could 5 not appreciate differences in the growth of the mutants 10K1K (Kup1 The deficient growth displayed by mutants lacking Trk and Kup1 systems in osmotically 10 balanced media (Fig. 2) , hampered the study of the possible involvement of the Kup1 11 system in osmoadaptation in the absence of Trk. This deficiency was more severe under 12 abiotic stresses such as low pH or high osmolyte concentrations (Fig. 4 and Fig. 5) . 13
Nevertheless, the actual involvement of Kup1 in the osmotolerance of strains lacking Trk 14 could not be assessed since the growth of these strains was not comparable to that of the 15 wild type in non stressing media. As previously described, the addition of KCl to the media 16 releaved the growth defficiencies caused by the lack of Trk and Kup1 (Fig. 2) . Therefore, 17
we tested the osmoadaptation ability of these mutants in the presence of 10 and 20 mM 18 in these conditions. This result was not unexpected since the Kdp system is known to be 6 inhibited by high K + concentrations (8). In fact, Kdp is believed to act in the K + uptake 7 process when the concentration of this cation is too low to be effectively accumulated by 8 other systems. To test the functionality of the Kdp system of S. meliloti in response to the 9 addition of NaCl or sucrose at low K + concentrations we used K + -free MM (described in 10 the Material and Methods section) (Fig. 7) . The only single mutant affected by NaCl 11 addition was 10tAG (Trk -), although the deffect was not as severe as in K + -containing MM. 12
On the other hand, the addition of NaCl to the K + -free medium almost abolished 10tAKdp 13 (Trk -, Kdp -) growth (Fig. 7) . Even sucrose addition in these conditions resulted in a 14 decreased growth of 10tAKdp (Trk 
Potassium accumulation 20
To test whether the growth deficiencies in hyperosmotic conditions observed in some K + -21 uptake mutants were related with defects in K + accumulation, the levels of this cation 22 present in the different mutants were determined after an osmotic upshift caused by 23 addition of 0.3 M NaCl. In these assays we used those mutants able to grow in liquid MM 24 at a rate similar to the parental strain. Therefore we could not test the mutants in which both 1 Trk and Kup1 were absent. Among the strains tested, only those lacking the Trk system 2 displayed accumulation kinetics different from the parental strain. We observed that the K + 3 accumulation process was significantly delayed in these mutants and seemed even slightly 4 slower in 10tAKdp (Trk -, Kdp -) than in 10tAG (Trk -) (Fig. 8) . These results correlate well 5 with the observed implication of these systems during adaptation to hyperosmotic 6 conditions suggesting that the osmoadaptation deficiencies are indeed due to the reduced 7 rate of K + accumulation in these mutants. 8
Importance of K + transport systems for symbiosis 9
All K + -uptake mutants obtained were able to induce nitrogen-fixing root nodules on alfalfa 10 plants and most of them presented nodulation kinetics comparable to that of the parental 11 strain 1021 (data not shown). Nevertherless, the mutants lacking both Trk and Kup1 12 systems (10tAK1, 10tAK21 and 10tAKK) exhibited delayed nodulation (Fig. 9A ). This 13 phenotype was not due to loss of cell viability, since the number of cfu determined in the 14 hydroponic solution was comparable for all strains (data not shown). Nevertheless, 10tAK1 15 The lack of different K + uptake systems had little effect on the competitiveness of most 20 strains. However, a significant reduction in nodule occupancy was associated to the lack of 21
Trk and Kup1 systems and, to a lesser extent, to the lack of Trk and Kup2 systems ( (Fig.  6 2). Such phenotype could be reverted by the addition of KCl to the culture media, 7
suggesting that the observed deficiencies were due to a reduction in the availability of K + to 8 these strains. Therefore, Trk and Kup1 would be the main systems involved in K + 9 homeostasis during S. meliloti growth. A similar phenotype has been described in 10
Escherichia coli mutants in which all three Trk, Kup, and Kdp systems were inactivated by 11
mutation (8). 12
We could determine the active implication of all four K + transport systems of S. meliloti in 13 osmoadaptation studying the growth of the mutants in hyperosmotic media. In contrast to 14 the situation in other bacteria (35), the Trk system seems to be the most important K (Fig. 6) . Furthermore, these experiments evidenced a role of the Kup2 21 system in osmoadaptation, although its implication in this process could only be assessed in 22 the absence of both Trk and Kup1. It is well known that the presence of a K + -uptake system 23 can mask a phenotype associated to the absence of other K + transporter. For example, in E. 24 coli the Trk system could only be identified after inactivating the Kdp system (28), while in 1
Bacillus subtilis the transcription of each of the two Ktr K + -uptake systems is elevated 2 when the other is abolished by mutation (17). 3
Our results indicate that the Kdp system is inactive at high K + concentrations in S. meliloti 4 and its importance in osmoadaptation increases as the K + content of the medium diminishes 5 (Fig. 7) , which agrees with observations with all Kdp systems studied so far. Nevertheless, 6
we could detect an involvement of the Kdp system in osmoadaptation even in K + -7 containing MM, albeit only in the absence of a functional Trk system and only in response 8
to NaCl addition and not to sucrose addition (Fig. 4 and Fig. 5 ). It has been previously 9 reported that the Kdp response to an osmotic upshift depends on the nature of the osmolyte 10 utilized in other bacteria. For example, the induction of the kdp operon in Salmonella is 11 much more sensitive to ionic solutes than to nonpolar ones (2). This could explain the 12 stronger effect of NaCl compared to sucrose on the osmosensitivity of strains lacking a Kdp 13 system in our experiments. Nevertheless, the differential effect caused by NaCl or sucrose 14 on the osmoadaptive ability of the mutants lacking Trk (considered a constitutively 15 expressed system in other bacteria; 8) suggests that a similar regulation might control as 16 well the transport activity of these systems. 17
Although all the 1021-derivatives obtained were able to nodulate alfalfa plants, the mutants 18 unable to grow at rates comparable to that of the parental strain in standard media presented 19 delayed nodulation kinetics (Fig. 9) . This delay was not due to lost of viability and this fact, 20 together with the observation that the absence of Trk and Kup1 caused a clear reduction of 21 the competitiveness of the strain (Fig. 9) , suggests that the growth deffects of these mutants 
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